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Abstract
We consider search strategies for an extended Higgs sector at the high-luminosity LHC14 utilizing
multi-top final states. In the framework of a Two Higgs Doublet Model, the purely top final states
(tt¯, 4t) are important channels for heavy Higgs bosons with masses in the wedge above 2mt and at
low values of tanβ, while a 2b2t final state is most relevant at moderate values of tanβ. We find,
in the tt¯H channel, with H → tt¯, that both single and 3 lepton final states can provide statistically
significant constraints at low values of tanβ for mA as high as ∼ 750 GeV. When systematics on
the tt¯ background are taken into account, however, the 3 lepton final state is more powerful, though
the precise constraint depends fairly sensitively on lepton fake rates. We also find that neither 2b2t
nor tt¯ final states provide constraints on additional heavy Higgs bosons with couplings to tops
smaller than the top Yukawa due to expected systematic uncertainties in the tt¯ background.
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I. INTRODUCTION
Precision measurements of the observed 125 GeV Higgs boson, as well as searches for new
Higgs bosons, are a focus of Run II of the LHC. These measurements will give us crucial
insights into the nature of Electroweak Symmetry Breaking (EWSB). This program, for
the case of the 125 GeV Higgs, is already well-defined and under investigation. Current
measurements have large uncertainties, but overall consistency with SM expectations is
observed. Both ATLAS and CMS expect to reduce their uncertainties over the next few
years, achieving percent level precision for decays into massive gauge bosons and ∼ 5% level
precision for decays into heavy flavor fermions [1, 2].
If additional Higgs bosons are present, the so-far SM-like nature of the observed 125 GeV
Higgs boson implies that such states can only be minimally mixed. This suggests that the
Higgs sector is approximately aligned [3–16], either via decoupling or via alignment without
decoupling. In the latter scenario, it becomes essential to directly search for the presence
of extra Higgs bosons, which may have an unmeasurably small impact on the properties of
the 125 GeV Higgs. Thus the program of precision Higgs measurements is complimentary
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to direct searches for electroweak (EW) scale Higgs bosons.
To date, direct searches for heavy Higgs bosons (both scalar H and pseudoscalar A)
have focused on decays to bottom quarks and τ -leptons, which dominate the branching
fraction at large tan β (tβ) in a Type II Two Higgs Doublet Model (2HDM). The most
commonly studied channels are Higgs production in association with bottom quarks, which
is enhanced by tan β, as well as gluon fusion. The (bb¯)H/A → bb¯τ+τ− channel gives the
strongest constraint, with the bound tβ . 45 for a heavy Higgs with mass below 1 TeV [17],
obtained using 3.2 fb−1 of 13 TeV data (see the red region in Fig. 10). The constraint arising
from the search channel bb¯H/A→ bb¯bb¯ [18, 19] is weaker in the context of a Type II 2HDM,
but nevertheless very important in more general 2HDMs, for which the coupling of H/A to
τ -leptons and bottom-quarks is independent [20].1
There are no direct constraints at low and moderate values of tan β, and for heavy Higgs
masses above the top threshold for Type II models. Additionally, projections of the present
ATLAS and CMS analyses show that part of this region of parameter space will remain
unexplored at the High Luminosity Run [22, 23]. Here, for tβ . 5 and mH/A ≥ 350 GeV,
the main decay mode is H/A→ tt¯, for which there are no experimental analyses to date.
The purpose of this paper is to study search strategies for additional Higgs bosons at low
and moderate values of tan β. We study bb¯H/A → bb¯tt¯ (2b2t), tt¯H/A → tt¯bb¯ (2t2b) (both
important at moderate tβ), tt¯H/A → tt¯tt¯ (4t) and H/A → tt¯ (2t) (both important at low
tβ).
Previous studies have also focused on constraining heavy Higgs bosons through decays
to top quarks at the LHC [24, 25]. Our study differs in several aspects, drawing new
conclusions in several instances. Ref. [24] considered the 4t final state, though this study
implemented and scaled the existing CMS multi-lepton analyses. We instead design two
possible search strategies (one lepton + b jets and three leptons + b jets), estimating the
impact of future lepton fake rates, as well as b tagging efficiencies, on our conclusions. We
also discuss in detail the relevance of systematic effects in the one lepton + b jets channel. As
a result of this analysis, we find a more significant reach than Ref. [24]. This reference also
showed that systematics fundamentally limit the reach of the H → tt¯ channel. We confirm
this conclusion, though our methods significantly differ in that, for the first time, we have
implemented in a Montecarlo tool, MadGraph, the interference between the heavy Higgs
1 One example is the aligned 2HDM studied for example in Ref. [21].
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signal and the SM background, reconstructing the fully interfered signal and background
after showering and detector effects. Ref. [25] considered the 2b2t final state, though this
study, based on a Boosted Decision Tree method, found a greater impact of forward b-jets
on the significance of the signal, as the b-quark distributions of this study differed from ours.
In our cut-based analysis, we also find that systematic uncertainties severely limit the reach
of the 2b2t final state. As a result, whereas Ref. [25] found significant bounds on heavy
Higgs bosons in the 2b2t final state, we find that it will be difficult to draw constraints.
The outline of this paper is as follows. In the next section we review rates and signatures
for the channels we study. We summarize the main features that we will utilize in our
analyses. Then we move systematically through the three final states we consider in detail: 4t
(Sec. III A), 2b2t (Sec. III B) and tt¯ (Sec. III C). We highlight the challenges and advantages
of each search, and suggest ways that experiments could improve the reach in each case.
Finally, we conclude. In Appendix A we discuss our top reconstruction method.
II. RATES AND SIGNATURES FROM ALIGNED HEAVY HIGGS BOSONS
We begin by summarizing production rates and branching fractions for heavy scalars in a
Type II 2HDM. A Type II 2HDM consists of doublets Hu, coupling only to up-type quarks,
and Hd, coupling only to down-type quarks and leptons. The neutral scalar components
of both these fields acquire vacuum expectation values, vu and vd, with v
2
u + v
2
d = v
2 =
(246 GeV)2 and tan β = vu/vd. Such a 2HDM gives rise to the physical states: h and H
(scalars), A (pseudoscalar) and H± (charged Higgses).
For simplicity, we assume that we are in the (almost) alignment limit [3–16], in which, to
first approximation, the mass eigenstates are given by the fields in the Higgs basis [27–32],
where only one doublet field combination (HSM) couples to gauge bosons and does not mix
with the second orthogonal doublet combination (HNSM). The observed Higgs boson (h)
with a mass of a 125 GeV is identified with the scalar arising from HSM , whereas the HNSM
gives rise to H, A and the charged Higgs bosons. In particular, alignment implies that the
couplings of H to W+W−/ZZ/hh go to 0, as does the coupling of A to Zh. It should be
noted that in the almost alignment limit, below the top decay threshold (mH/A . 350 GeV)
at low values of tan β, both H and A could have significant decays into these channels in
spite of the suppressed couplings, due to the paucity of other available decay channels. The
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FIG. 1. Production cross-section times branching fraction for the channels of interest. For con-
creteness, we adopt the τ -phobic MSSM scenario [26].
coupling between AZH is not suppressed, though in a typical 2HDM spectrum where A and
H are almost degenerate, this decay is kinematically forbidden.2 In contrast to the above
2 In a generic 2HDM arising for example from non-minimal SUSY models like the Next to Minimal Super-
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decay channels induced by tree-level couplings, both A and H couple to pairs of gluons and
photons only via loops of colored/charged particle as does the SM-like Higgs. Generically,
the branching ratio into pairs of gluons or photons is expected to be O(10−3) or O(10−5)
respectively.
In the alignment limit, the expressions for the couplings of the new Higgs boson with
fermions are rather simple: Htt¯ ∼ mt/(v tβ), Hbb¯ ∼ mbtβ/v and Hττ¯ ∼ mτ tβ/v. In the
alignment limit, these couplings correspond also to the couplings of the pseudoscalar A to
fermions. Corrections away from the alignment limit scale like x mq/v, where x quantifies
the deviations from perfect alignment, with α = β − pi/2 + x, and α the mixing angle
between the Higgs doublets Hu and Hd. From the precision measurements of the 125 GeV
Higgs boson, |x| is expected to be at most ∼ 0.1 depending on tβ. Hence, at low values of tβ,
the couplings of the non-standard Higgs bosons to the top quark are sizable, leading to large
production cross-sections from gluon fusion and the expectation of large branching fraction
into top quark pairs when kinematically allowed. The production of H or A in association
with a pair of top quarks is however not expected to be particularly large at a centre of
mass energy of 14 TeV, due to the large top quark mass (see top row of Fig. 1). Since the
coupling to b quarks is enhanced by tβ, at moderate values of tβ the gluon fusion production
receives comparable contributions from the top and bottom loops, with approximately equal
contributions from both loops at tβ ∼
√
mt/mb ∼ 6. The associated production with b
quarks is expected to increase with tβ.
For concreteness, in Fig. 1, we compute the production cross-sections times branching
ratios of the non-standard Higgs bosons using the latest version of FeynHiggs2.11.2 [37]
for the τ -phobic Minimal Supersymmetric SM (MSSM) scenario [26], with heavier sleptons
Ml˜1,2,3 = 1 TeV. We list the relevant MSSM parameters here for convenience:
MSUSY = 1500 GeV, µ = 2000 GeV, X
OS
t = 2.45 MSUSY, Ab = Aτ = At,M1 = 100 GeV,
M2 = 200 GeV,M3 = 1500 GeV,Mq˜1,2 = 1500 GeV, Af = 0 (f = c, s, u, d, µ, e). (II.1)
For this figure, we sum the contributions of the scalar H and the pseudoscalar A, since the
mass splitting is always below ∼ (10−20) GeV, and hence below the expected experimental
mass resolution. This scenario at tan β ∼ 10 is very well approximated by a Type II 2HDM
symmetric SM (NMSSM), where such a degeneracy in the H and A mass is not necessarily expected, the
decay of A → ZH or H → ZA can be very relevant at low values of tanβ, even after the top threshold
opens up (see for eg. Refs. [16, 33–36]).
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in the alignment limit. Note that for values of tan β much larger or much smaller than 10,
the Htt¯ coupling can deviate from the alignment value by O(10%), depending on the precise
value of mA. However, this effect will mainly be canceled in signal rates for H in the region
of parameter space of interest. The effect on the coupling of Hbb¯ is in contrast suppressed
by tβ and therefore completely irrelevant. Hence gluon fusion at low values of tβ and the
associated top production channels in the alignment limit are very similar to the numbers
shown in Fig. 1.
In the figure, tan β is taken in the [1-20] interval, as well as mA ∈ [400, 1000] GeV. This
region of parameter space is rather unexplored by experimental searches to date. Other
regions are, instead, already probed or will be probed in the coming years by the LHC. At
larger values of tan β, as mentioned in the Introduction, constraints are derived from heavy
Higgs decaying into τ -leptons and b-quarks. These searches are not yet able to probe the
mA ≥ 400 GeV and tan β ≤ 20 region, presented in Fig. 1. This remains true at the High
Luminosity LHC [22, 23]. In principle, decays of heavy Higgs bosons to gauge bosons and
the SM Higgs may be highly constraining, especially below the top threshold (mH,A . 350
GeV) where the branching fraction may easily be large (see, for example Ref. [38]). These
constraints depend strongly, however, on the degree to which the Higgs sector is aligned.
In this paper we focus on the “wedge” of open parameter space with tβ . 10 and mH,A &
350 GeV, where the Higgs bosons decay dominantly to tops, and the bb¯/ τ+τ− final states
are not constraining. As a result, we consider tt¯, 4t and 2t2b/2b2t signatures. From Fig. 1 we
see that the rates for associated top production processes (4t and 2t2b) are very suppressed
compared to either gluon fusion initiated (2t) or associated b-quark production (2b2t), both
of which reach 100’s of fb. In particular, the 4t signature may be as large as 10’s of fb at
low values of tan β. In spite of the smaller rates, since this signature is quite spectacular,
we expect that it can offer some reach in the tan β − mA plane (see Sec. III A). On the
other hand, the 2t2b signature (pp → tt¯H/A,H/A → bb¯) is always at least two orders of
magnitude smaller in rate than the corresponding 2b2t (pp → bb¯H/A,H/A → tt¯; note that
we differentiate between 2t2b and 2b2t). Since we do not expect that the reconstruction of
the H/A resonance from b quarks will bring much improved significance compared to the
reconstruction from top quarks, we will not discuss this signature further, instead focusing
on the 2b2t signature in Sec. III B.3
3 Note that, with the analysis performed in Sec. III B for the 2b2t signature, the 2t2b signature is also
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Note that this is a unique time to test heavy Higgs bosons produced in association with
top quarks. In fact, at the 8 TeV LHC, the corresponding tt¯H/A production cross section is
at most O(1 fb) for mH = 400 GeV and low values of tan β, at least an order of magnitude
smaller than the cross section at the 14 TeV LHC (see upper right panel of Fig. 1).
III. HEAVY HIGGS SIGNALS IN HEAVY FLAVOR FINAL STATES AT LHC14
We model signals and backgrounds using MadGraph5 [39], interfaced with Pythia 6.4 [40]
for parton showering. For detector simulation, we modify PGS4 [41] to enable anti-kT jet
reconstruction. We generate events for the tt¯ background, allowing up to two additional
partons in the final state, and adopt the MLM matching scheme [42], with xqcut = 20 GeV.
We also generated W (Z) + jets, tt¯W , tt¯Z and 4 top backgrounds. As we will discuss in
Sec. III B, we generate signal and background samples with the four flavor scheme, and we
have checked that, with the specific analyses performed, signal rates are not modified by
more than a few percent if we use the five flavor scheme. We use SUSYHIT [43] to generate
the several SUSY benchmark scenarios mA = (400 − 1000) GeV, in steps of 50 GeV. At
the generator level, we impose cuts on the pT of the jets (20 GeV) and of the leptons (20
GeV). Additionally, we require jets and leptons to have |ηj| < 4.5 and |η`| < 2.5. With
these baseline cuts, the tt¯ background has a cross section at NLO of 1 nb, and the W (Z) +
jets cross section is 220 nb (70 nb).4 The tt¯Z, tt¯W and 4 top background cross sections are
much smaller: 1 pb [46], 770 fb [47], and 12 fb [48], respectively. At the detector level, we
have assumed a b-tagging efficiency approximately flat in pT and given by 70% for |η| < 1.2
and 40% for 1.2 < |η| < 2.5. This is what we call “standard b-tagging” in Sec. III B.
In all the signal final states we study, the tt¯+jets background is dominant. This is
because, for the 2b2t and 4t single lepton (Analysis (a.) below) signatures, we rely on high
HT and a large multiplicity of jets (as well as at least one lepton and at least one b-tag).
In the left panel of Fig. 2, we show the distribution for the number of jets in each event of
the tt¯+jets and W (Z)+jets backgrounds, after demanding at least one lepton and at least
one b-tagged jet. The total cross section of tt¯ after these requirements is 150 pb. We scale
included as part of the simulation. However, we have checked that, in spite of the relatively good accep-
tance, this signal amounts at most to O(5%) of the 2b2t signal in the entire region of parameter space of
interest, for the optimal cuts we find in Sec. III B.
4 We have included in the tt¯+ jets and in the W (Z)+jets cross sections a K-factor of 1.5 [44] and 1.2 [45],
respectively. 8
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FIG. 2. Background distribution of the number of jets (left panel) and leptons (right panel) in each
event. In the left panel, the fake rate we have used is 200 = 5× 10−3 (see Sec. III A). The events
shown satisfy the requirement of at least one lepton and at least one b-tagged jet. In solid green
we show the W+ jets background, in red the tt¯ background, in solid blue the Z+ jets background,
in dashed green the tt¯W background and in dashed blue the tt¯Z background. We normalize the
distributions in such a way that the tt¯ background integrates to 1, while the other backgrounds
are normalized according to their cross section relative to tt¯.
the distributions in such a way that the tt¯ background (in red) is normalized to 1 and the
W (Z)+jets backgrounds (in green and blue, respectively) are rescaled according to their
cross section relative to tt¯. As we can see from the figure, the W+jets background is rather
sub-leading, as long as we require at least three jets. This is similar to what has been shown
in Ref. [49], for the case of a one lepton and many jets signature (with no b-tag requirement).
In the figure for completeness we also show the results for the tt¯Z and tt¯W (in dashed blue
and dashed green, respectively) even though they are negligible.
The tt¯+jets background is also the dominant background for the 4t, multi-lepton (Anal-
ysis (b.) below) signature, even though the exact estimation of the several backgrounds,
in particular of the tt¯+jets and W (Z)+jets, relies on the particular jet fake lepton rates
adopted. In the right panel of Fig. 2, we show the distribution for the number of leptons in
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each event, after asking for at least one b-tagged jet and at least one lepton. The fake rate
we have used is 200 = 5 × 10−3 (see Sec. III A for details). As we can see from the figure,
both the W+ jets and Z+ jets backgrounds are small, as long as we require at least three
leptons. Asking for at least two b-tagged jets, as we do in our analysis of Sec. III A, will fur-
ther deplete the W,Z+ jets backgrounds, as compared to the tt¯ background. In the figure,
we also show the results for the tt¯Z (dashed blue) and tt¯W backgrounds (dashed green). As
can be seen, contrary to what was found for Analysis (a.), they represent a non-negligible
background. Nevertheless, tt¯ remains by far the dominant background.
The invariant mass of the top quark pairs can be a relevant quantity for both the 2b2t
and 2t case. Since the top pairs in both these signal topologies arise from the decay of
the heavy Higgs bosons, a different line shape in the invariant mass mtt¯ could, possibly,
be a discriminant from the tt¯ +jets SM background, for which a continuum distribution is
expected. When analyzing both these signatures, we compute the invariant mass of the top
quark pairs by first reconstructing the 4-momenta of the top quarks using the algorithm
detailed in Appendix A and B of Ref. [50], and summarized in the Appendix of this paper.
We now turn to analyzing each of the signatures in detail.
A. A Four Top Signature
We begin by considering the pp→ tt¯H/A→ tt¯tt¯ signature.
As discussed above, the main SM background is given by tt¯ + jets. Because this back-
ground is large, and the signal cross-section is rather limited, as shown in Fig. 1, we will
rely on either high jet multiplicities or multi-leptons to extract the signal over the back-
ground. This suggests two possible analysis strategies – one analysis requiring at least one
isolated lepton (either electron or muon) and at least six high pT jets (one of which must
be b-tagged), and a second analysis requiring at least 3 leptons and 3 high pT jets (one of
which is b-tagged). We require that the leptons have p`T > 10 GeV, |η`| < 2.5 and the jets
(including b-jets) have pjT > 20 GeV, |ηj| < 4.5.
Analysis (a.) – Single Lepton. We now discuss the single lepton plus high multiplicity
jets analysis in detail. Similar searches have been performed at the 8 TeV LHC, constraining
strongly produced gluinos in R-parity violating SUSY models [51], as well as pair produced
sgluons [52]. In Fig. 3, we show in green the pT distributions of the leading jet (solid lines)
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and of the sixth jet (dashed lines) from signal events of a 400 GeV heavy Higgs (upper left
panel) and of a 800 GeV heavy Higgs (upper right panel). The corresponding distributions
for the background are overlaid in black. We use only events that pass our baseline cuts.
All distributions are normalized to 1. As observed in the left panel, even a relatively light
Higgs boson (400 GeV) produces a more boosted spectrum for the first six jets compared
to the SM tt¯ background. This feature is more evident for heavier Higgs bosons, as shown
in the right panel of the figure. In the lower panel of Fig. 3, we show the HT distribution
for the signal (mA = 400 GeV in green, mA = 800 GeV in red) and for the background
(in black), where we have defined HT as the scalar sum of the pT of all jets in the event,
including b-jets: HT =
∑
pjT . As expected, the signal has higher HT , especially for larger
Higgs boson masses.
Based on these considerations, we optimize our single lepton analysis as follows. We
generate signal events for benchmarks with heavy Higgs bosons with a mass in the range
mA ∈ [400, 1000] GeV, in steps of 50 GeV. The variables that feed into our optimization are
the pT of the leading jet (pT1), 2nd, 3rd and 4th jet (pT2), fifth and sixth jet (pT3), the pT of
the leading lepton (pT`), HT and the number of b-jets (Nb).
5 We perform a 6-dimensional
scan to find the cuts on these variables that maximizes the significance S/
√
B at each
value of mA, while simultaneously requiring S/B > 1 % and 5%. These two numbers for
S/B were chosen as proxies to demonstrate how well the LHC experiments can constrain the
model parameter space given a particular handle on experimental and theoretical systematic
uncertainties. In particular, we build a 6-dimensional grid with pT1 in the range [50-300]
GeV with a step size of 50 GeV, pT2,3 in the range [20-100] GeV with a step size of 20 GeV,
pT` = (20, 30) GeV, HT in the range [100-1000] GeV with a step size of 100 GeV, and finally
Nb = 1, 2, 3. We have checked that increasing the maximum in the range of the pT of the
jets and leptons does not improve the reach of our proposed search.
To show the impact of these cuts, in Table I (a) we show the cut flow table corresponding
to our optimal cuts for the benchmark scenario with mA = 400 GeV and tan β = 1.5. A
sizable improvement in the S/B ratio arises once we demand at least 3 b-jets. In the left
panel of Fig. 4, we show the reach of our proposed search: values of tan β as large as ∼ 1.5
can be probed for heavy scalar masses up to ∼ 600 GeV. The main issue that the ATLAS
5 We have checked that replacing the HT variable with meff =
∑
pjT +
∑
p`T in our optimization does not
lead to stronger constraints.
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FIG. 3. Upper plots: pT distribution of the leading jet (solid lines) and of the sixth jet (dashed
lines) from a signal of a heavy Higgs with mA = 400 GeV (left plot) and with mA = 800 GeV
(right plot). The distributions in black are the corresponding ones for the SM tt¯ background.
Lower plot: HT distribution for the signal (mA = 400 GeV in green, mA = 800 GeV in red) and
for the background (in black). The distributions are normalized to one.
and CMS collaborations will have to overcome is systematic uncertainties. To show this
effect, in the left panel of Fig. 4 we compare the expected exclusion after requiring S/B=
1% (solid blue boundary) and 5% (dashed blue boundary). As we can see in the figure, the
bound will depend strongly on the degree to which systematic uncertainties can be reduced
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Cuts 400 GeV tt¯+ jets S/B S/
√
B
1l+b-jets (21.3 fb) (1 ab)
Baseline 19600 5.0× 107 3.9× 10−4 2.8
pT1 > 200 6200 9.5× 106 6.6× 10−4 2.0
pT2 > 60 5200 5.6× 106 9.2× 10−4 2.2
pT3 > 60 1900 1.2× 106 1.6× 10−3 1.8
HT > 800 1700 1.0× 106 1.7× 10−3 1.7
Nb ≥ 3 400 3.9× 104 1.0× 10−2 2.0
400 GeV tt¯+ jets S/B S/
√
B
3l+b-jets (21.3 fb) (1 ab)
1 240 1850 0.13 5.6
2 240 3870 0.06 3.8
3 240 480 0.5 10.9
(a) (b)
TABLE I. Cut flow tables for the number of events at LHC14 with 3000 fb−1 data arising from a
representative scenario for the 4t signature: mH = 400 GeV and tanβ = 1.5. In the tables, we sum
the contributions of the scalar H and the pseudoscalar A. Left: Analysis (a.) One lepton + multi-
b-tag signature. Right: Analysis (b.) Three leptons and two b-tag signature. In the latter case
three different fake rates are used for the background: 200 = {1, 2, 3} = {5×10−3, 10−2, 10−3}.
in the High Luminosity runs.
Analysis (b.)–Multi-Lepton. Next we consider the constraints on a heavy Higgs boson
when requiring at least three leptons in addition to the jets (including b-tags). Similar
searches have been performed at the 8 TeV LHC, such as searches for strongly produced
gluinos [53]. As shown in the right panel of Fig. 2, the main backgrounds for this signature
are tt¯Z and tt¯+ jets, where at least one jet fakes a lepton. ATLAS and CMS collaborations
use a data-driven approach to estimate lepton fakes in their multilepton analyses [54, 55].
Since we do not have access to the resources needed for data-driven estimates, we adopt
the approach proposed in Ref. [56]. This method exploits the relationship between the
kinematics of a fake lepton and that of the heavy flavor jet that produces it. In particular,
we apply to each heavy flavor jet a probability of generating a fake lepton (200), assumed to
be a function of the jet pT , and a transfer function (Tj→`(α)), which represents a normalized
probability distribution for the fraction of the jet momentum (p¯j) that is inherited by the
fake lepton (p¯`):
13
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FIG. 4. Left: the 4t exclusion limit obtained using the single lepton analysis in the mA − tanβ
plane, demanding S/B = 1% (solid blue boundary) or 5% (dashed blue boundary). Right: the
95% 4t exclusion limit obtained using the three lepton analysis in the mA− tanβ plane. The three
lines represent three different choices of fake rates: 200 = {1, 2, 3} = {5× 10−3, 10−2, 10−3}.
j→`(p
j
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200− 10
]
, (III.2)
Tj→`(α) =
(√
2piσ
2
)−1 [
erf
(
1− µ√
2σ
)
+ erf
(
µ√
2σ
)]−1
e−
(α−µ)2
2σ2 , (III.3)
where α ≡ 1− p¯`/p¯j is the fraction of the heavy flavor jet momentum that is not transferred
to the fake lepton, and r10 parametrizes the dependence of the fake rate on the transverse
momentum of the jet.
For simplicity, we consider an efficiency independent of the jet pjT (r10 = 1). We further
set µ = 0.5, based on the expectation of roughly equal splitting of the momentum between
the fake lepton and the neutrino produced in heavy flavor decays. Finally, we consider values
of σ and 200 such that we reproduce the 8 TeV CMS three lepton, ≥ 2 b-jet signal regions
in Ref [54]. We find that σ = 0.1 and 200 = 5× 10−3 gives a good fit to the data.
Applying these parameters for fake leptons, we compute the tt¯+ jets and W (Z)+jets
background cross sections at 14 TeV LHC, requiring at least 3 leptons, 2 b-jets and 3 ordinary
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jets (including b-jets). Our results for the number of events at the 14 TeV LHC with 3000 fb−1
data are reported in Table I (b) (row 1 in the table). To assess the impact of a different fake
rate at LHC14, we also report our results for two additional fake rates: 2 = 10
−2, 3 = 10−3.
In the table, we do not report the values of the W (Z)+jets and tt¯W (Z) backgrounds, since
these are sub-leading and at least one order of magnitude smaller than the tt¯ background,
for every choice of the fake rate 200 (see also the right panel of Fig. 2). In the right panel of
Fig. 4, we present the reach in the mA− tan β plane for these three different choices for the
fake rates i. The reach of this proposed search is more robust than the reach of the single
lepton search, even though it greatly depends on the lepton fake rates ATLAS and CMS will
be able to achieve at the High Luminosity stage. In particular, for our three choices of fake
rates (1, 2, 3), we can probe heavy Higgs bosons up to 770, 720, 820 GeV, respectively, for
tan β = 1.
Quantitatively, the main difference between the 3 lepton and 1 lepton analysis, as can be
seen comparing the two tables in Table I, is that S/B is greatly improved in the 3 lepton
analysis, highlighting the leading role that systematics on the tt¯ background plays in limiting
the reach of the 1 lepton search.
In the next section, we will see that the tt¯ background systematics will be even more
challenging for designing a search for heavy Higgs bosons in the 2b2t final state.
B. A Two Top, Two Bottom Signature
We next turn to considering the 2b2t final state. As can be seen from Fig. 1, com-
pared to the 4t signature presented in the previous section, the signal cross section for
pp → bb¯H(A), H(A) → tt¯ is significantly larger. At the same time, the signal is harder to
disentangle from the tt¯+jets background. This is due to a lower multiplicity of jets, the low
pT of many of the b-jets produced in association with the Higgs boson, and the challenge of
b-tagging such jets which are additionally produced at relatively high pseudorapidity.
These features can be seen in Fig. 5, where the pT versus η distributions are shown, as
obtained from parton level events for the four hardest b quarks in two representative signal
scenarios (mH = 900 GeV, left column, mH=400 GeV, middle column) as well as in the SM
tt¯+jets background (right column). Typically the two b quarks with lowest pT (p
3
T , p
4
T ) are
the b quarks produced in association with the Higgs boson. As shown in Fig. 5, these two
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b quarks have low pT , and reach relatively sizable values of the pseudorapidity. In fact, we
find that, almost independent of the H/A mass, the signal efficiency at the parton level after
the simple requirement that these two b-quarks have pT larger than 20 GeV and |η| < 2.5 is
∼ 15%, emphasizing the challenge of pursuing this signature. As shown in the top two panels
of Fig. 5, the two hardest b quarks can instead represent a better discriminant between the
signal and the background, at least for relatively heavy Higgs bosons.
Similar to the 4t signature, we generate signal events for benchmarks with heavy Higgs
bosons with a mass in the range mA ∈ [400, 1000] GeV, in steps of 50 GeV. The variables
that enter our optimization are the pT of the leading jet (pT1), 2nd jet (pT2), and 3rd and
4th jet (pT3), the pT of the leading lepton (pT`), HT and the number of b-jets (Nb). In
particular, we build a 6-dimensional grid with pT1 in the range [50-300] GeV with a step size
of 50 GeV, pT2,3 in the range [20-100] GeV with a step size of 20 GeV, pT` = (20, 30) GeV,
HT in the range [100-1000] GeV with a step size of 100 GeV and finally Nb = 1, 2, 3. We
have checked that scanning over larger values for pT1, pT2,3, pT`, HT , as well as including
Nb = 4, does not lead to a better bound on the excluded cross section (see Fig. 7). We show
the S/B versus S/
√
B resulting from this scan in the left panel of Fig. 6 for mA = 400 GeV
and tβ=6. This value of tan β has been chosen to maximize the pp → bb¯H/A, H/A → tt¯
cross section (see Fig. 1). The three branches shown in the figure represent the results of
our scan, having fixed Nb = 1, 2, 3, from top to bottom. One can see that, while S/
√
B can
easily be sufficiently large (≥ 2), S/B is, instead, typically much smaller than what might
possibly be obtained theoretically or experimentally, where a systematic uncertainty of at
least several percent is expected. We also checked if reconstructing the tt¯ resonance, using
the top reconstruction algorithm outlined in Appendix A, could improve the outlook; we
found that the smearing from detector effects as well as combinatorics imply only a small
improvement (see Appendix A for details).
One might wonder if one could better utilize the presence of the forward and low pT b-jets
from the initial state to discriminate signal from background. To do this effectively would
require increased b-tagging efficiency at higher rapidities and smaller pT . Motivated by the
ATLAS Phase-II Upgrade Scoping Document [57], we consider a b-tagging efficiency of 70%
for |η| < 2.5 and 40% for 2.5 < |η| < 3.7. We (very) optimistically assume that the b-tagging
efficiency is independent of pT , down to 20 GeV. In the right panel of Fig. 6, we show the
results of our scan with this improved b-tagging efficiency, including also Nb = 4 in our scan
16
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FIG. 5. pT versus η distributions, as obtained from parton level events for the four hardest b
quarks in two representative signal scenarios (mH = 900 GeV, left column, mH=400 GeV, middle
column), as well as in the SM tt¯ background (right column).
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FIG. 6. S/B versus S/
√
B for the 2b2t signature for the benchmark scenario with tβ = 6 and
mA = 400 GeV. Each point corresponds to an element of our scan, varying the cuts on the pT
of the jets (pT1, pT2,3) and of the lepton (pT`), as well as the number of b-tags and HT (see text
for details of the scan). In the left-hand panel, a standard b-tag is applied, while in the right-
hand panel b-tagging allowing for higher values of η (3.7) is applied. The three (four) branches
correspond to three (four) b-tags in the left(right)-hand plot.
(lowest branch in the figure). Modifying the b-tagging efficiency does indeed improve S/B,
and in particular, allows us to obtain a reasonably sizable signal for 4 b-jets in the events.
These are the points shown with the largest S/B. However, as can be seen, this gain is not
sufficient to guarantee values of S/B at the percent level. For this reason, we do not expect
that this search will be an efficient probe of the 2HDM (mA − tan β) plane, at the 14 TeV
LHC with 3000 fb−1 of data.
More general models could produce a larger cross section for a resonance produced in
association with b quarks and decaying into tops, pp→ bb¯H/A, H/A→ tt¯. For this reason,
in Fig. 7, we show the excluded cross-section with S/B = 1% (red) and = 5% (blue). The
upper (solid) and lower (dotted) bounds of each band represent our results obtained with
standard and high-η b-tagging, respectively. For this plot, we chose cuts based on our scan so
as to maximize S/
√
B, with the requirement S/B ≥ 1% (in red), S/B ≥ 5% (in blue). For
comparison, the dot-dashed black curve shows the cross section for pp→ bb¯H/A, H/A→ tt¯
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FIG. 7. Excluded cross-section as a function of mA with S/B = 1% (red) and = 5% (blue).
The upper (solid) and lower (dotted) bounds of each band represent our results obtained with the
standard and high-η b-tagging, respectively. The dot-dashed black curve shows the cross section
for pp→ bb¯H/A, H/A→ tt¯ in the τ -phobic scenario, having fixed tβ = 6.
in the τ -phobic scenario, having fixed tβ = 6, to maximize the cross section. As can easily
be seen, the large systematic uncertainties do not allow one to put meaningful constraints
on the heavy Higgs in the 2b2t channel.
Two comments are in order: the b-tagging at higher values of η allows us to probe cross
sections up to a factor of two smaller than the standard b-tagging. In addition, in the
optimistic scenario in which the LHC collaborations will be able to reduce systematics to
the level of S/B ∼ 1% in the High Luminosity runs, cross sections one order of magnitude
larger than the cross sections of our τ -phobic scenario can be probed.
C. Top Resonance Searches
The case of the 2t signature is fundamentally different in nature from the previous two
signatures discussed. In particular, the interference between the SM QCD production and
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resonant tt¯ production from A, H is fundamentally important. This was calculated first
in Ref. [58] and has been revisited recently in Ref. [24, 59]. This interference gives rise to
a distinctive peak and dip structure that one may hope to be able to use to observe the
presence of a heavy scalar or pseudoscalar resonance. Ref. [59] utilizes the current 8 TeV
tt¯ searches to project LHC14 reach, having only the total deficit in tt¯ production due to
almost pure-dip structure from the interference. It has been shown that sensitivity may be
obtained for deficits of order of 10’s of fb for Higgs boson masses less than 1 TeV with 3000
fb−1 of data. Ref. [24], instead, shows that, for the case where both a peak and a dip is
present, detector effects will in all likelihood wash out this structure so as to make it very
difficult to disentangle from the SM background. The analysis carried out in Ref. [24] relied
on a smearing function that was obtained by simulating SM (only) events both at the parton
level and after showering and detector simulation; no signal events were utilized to obtain
the smearing function.
We refine this analysis by implementing for the first time in a Montecarlo tool, MadGraph,
the scalar/pseudoscalar interference with the QCD background. This allows us to take into
account efficiencies for the signal and background when fully interfered first at parton level,
then showered. Detector effects were applied to the combined signal and background events.
This procedure when applied to the fully interfered sample was numerically very intensive,
given the small size of the interference in comparison to the background. It does give us
confidence, however, that we have fully taken into account the detector and tt¯ reconstruction
effects on the fully hadronized sample.
We first validated our parton level simulation by verifying that the parton level events
reproduce cross-sections in agreement with the theoretical expectation (see Figs. 2 & 3 in
Ref. [58]), with either one of A/H or both together as expected in a MSSM scenario. This
can be seen from the invariant mass distribution shown in Fig. 8, which we obtain using
1M parton level events each for the SM continuum (black solid line), scalar H (dotted blue
line, mH = 420 GeV) and pseudoscalar A (dashed green line, mH = 400 GeV) separately
interfered with the SM background. We also show a typical MSSM scenario with mA=400
GeV (solid red line), where the heavy scalar H will be split slightly in mass from A at low
values of tan β (taking a representative value of mH=420 GeV). We fix tan β = 1, so that H
and A couple to the top quarks with a strength given by the top Yukawa. The expected dip
and peak structure can be clearly seen in both the H and A interference separately. The
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FIG. 8. The parton level invariant mass distribution for top pairs. The continuum SM background
is shown in black solid, the interference between the pseudoscalar (MA = 400 GeV) only and the
SM background in green dashed, the interference between the scalar only (MH = 420 GeV) and
the SM background in blue dotted, and the SM background interfering with both the scalar and
pseudoscalar in red solid. tanβ is fixed to 1.
slight off-set in the masses between A and H for the MSSM leads to a diminishing of the dip
structure observed in the red solid line, obtained summing up the pseudoscalar and scalar
contributions.
The situation changes rather seriously once the tops are decayed, jets are showered, and
smearing due to detector effects is taken into account. The tops are reconstructed using
the method outlined in Appendix A. The resulting distribution for the invariant mass of
the two tops is shown in the left-hand panel of Fig. 9 for a pseudoscalar with a mass of
400 GeV interfering with the SM background (in red). The tt¯ background is also shown in
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the figure (green solid line). For the plot, we generated 30M parton level events for signal
and background. These substantial statistics are needed, since, after showering, detector
simulation and top reconstruction less than a million events are left for the signal and
background and differences between signal and background are only at the percent level. One
can see that even without the presence of the H, which diminishes the peak-dip structure
when split in mass from A, the interference with a 400 GeV Higgs (which has the largest
signal) is barely distinguishable from the SM only case. In the right-hand panel of Fig. 9,
we show S/B as a function of ∆mtt¯, where S indicates the difference of number of events
of signal plus background (including interference) and the number of events of the pure
background. ∆mtt¯ defines the width of the bin: m0 ±∆mtt¯/2, where m0 is fixed to ∼ 360
GeV to maximize S/B. As we can see from the figure, typically S/B is on the order of
(3− 4)%. We conclude, therefore, that the shape of the mtt¯ distribution must be very well-
known before any conclusion could be drawn about the presence of additional Higgs bosons.
In particular systematics would have to be very tightly controlled, which seems difficult at
the level required. Even though the scale uncertainties in the SM only background and
the signal interference approximately cancel when taking the ratio of the two, it was shown
recently that NLO QCD effects can easily be of the order of ∼ 5% [60]. It will be interesting
to see if more precise theoretical studies will be able to bring this uncertainty on the mtt¯
distribution at the needed level in the future.
To conclude, the interference between pp→ H/A→ tt¯ and the SM background strongly
suggests that it will be quite challenging to set bounds on the mA − tan β plane using a
tt¯ resonance search. The bounds will be much weaker than those extracted neglecting the
interference effects and using LHC tt¯ resonance searches performed either in the past or in
the future to look for new gauge bosons decaying into two tops, Z ′ → tt¯ (see, for example,
Ref. [38]).
IV. CONCLUSIONS
We have studied prospects for the High Luminosity LHC to probe heavy Higgs bosons via
heavy flavor final states, focusing on the 4t, 2b2t and tt¯ signatures. These multi-top/multi-
bottom final states are particularly interesting, since they are the ones with a sizable rate
in Type II Two Higgs doublet Models in the (almost) alignment limit, as demanded by the
22
mA = 400 GeV
SM
350 400 450 500 550 600 650
0.0000
0.0005
0.0010
0.0015
0.0020
0.0025
mt t_ (GeV) 20 40 60 80 100
0.036
0.038
0.040
0.042
0.044
Δmt t_ (GeV)
S
/B
FIG. 9. Left: mtt¯ probability distribution for the SM background (green) and SM background
interfered signal for mA = 400 GeV, after showering, detector effects, and top reconstruction have
been applied. The distinctive peak-dip structure visible in Fig. 8 is washed out. Right: S/B as a
function of the bin-width ∆mtt¯.
SM-like properties of the discovered 125 GeV Higgs boson, for heavy Higgs bosons above the
tt¯ threshold, mA & 350 GeV and for moderate/small values of tan β to which the present
LHC heavy Higgs searches are not sensitive (see the blue and red regions in Fig. 10 for the
present LHC bounds on the (mA − tan β) plane).
Focusing on the τ -phobic MSSM scenario, we found that, at the High Luminosity LHC,
the 4t signature arising from pp → tt¯H/A, A/H → tt¯ is promising for constraining heavy
Higgs bosons with masses up to ∼ 750 GeV, having a coupling to the top quarks which is the
same as the SM top Yukawa. In particular, for this signature, we compared the constraints
from a single lepton plus multi-(b) jet signature (Analysis (a.), see the shaded green regions
in Fig. 10) and from a multi-lepton (Analysis (b.) signature, see the shaded orange regions
in Fig. 10). For the single lepton signature, the main challenge is small signal-to-background
ratio S/B: if the LHC will be able to reduce the systematic uncertainties to the level of
S/B ∼ 1%, Higgs bosons as heavy as 750 GeV could be probed (again, if they couple to
tops with a strength given by the SM top Yukawa). The reach completely degrades for
S/B = 5%, for which heavy Higgs bosons could be probed only if they couple to tops with
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FIG. 10. Summary plot of the present bounds on heavy Higgs bosons at large values of tanβ (red
and blue regions from Ref. [17]) and of the expected bounds at low values of tanβ at the High
Luminosity LHC14 (green and orange regions) from the 4t channel. The green and orange regions
refer to our proposed Analysis (a.) and Analysis (b.), respectively. See Sec. III A for more details.
We interpret all bounds in terms of the τ -phobic MSSM scenario.
strength ∼ 1.3 times larger than the SM top Yukawa. By contrast, we found that the
multi-lepton analysis is not limited by small values of S/B, but will strongly depend on the
specific fake rate efficiencies the LHC will be able to achieve. For fake rates similar to the
ones at the 8 TeV LHC, heavy Higgses up to ∼ 750 GeV with a SM top Yukawa coupling
could be probed.
Unfortunately, both the 2b2t and tt¯ signatures are dwarfed by the large tt¯ background,
and it will be hard for them to offer a meaningful reach in the mA−tan β plane. In particular,
for the 2b2t signature, even when large enough S/
√
B is obtained, S/B is never as large as
the few percent needed to overcome systematic uncertainties. This is due to the fact that,
in spite of O(100) fb cross sections for mA = 400 GeV, this signature is very similar to the
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tt¯ background: the two b quarks produced in association with the Higgs boson have a low
pT and a relatively sizable value of the pseudorapidity. We showed that, utilizing a higher
b-tagging efficiency at large rapidity, as envisioned for the Phase II Upgrade, we will be able
to set constraints on cross sections a factor of few smaller. Nevertheless, a more forward
b-tagging will not be able to overcome the small S/B ratio predicted by Type II Two Higgs
doublet Models.
The tt¯ signature also appears to offer, at first sight, good prospects for probing heavy
Higgs bosons, due to relatively large cross sections of the order of a few pb for mA = 400 GeV.
However, interference effects between the signal and the tt¯ background seriously weaken the
prospects of probing such heavy Higgs bosons, if the couplings are smaller than the top
Yukawa coupling. To have prospects for setting bounds in the mA − tan β plane, one will
need to handle uncertainties on the tt¯ background at the percent level or better.
The 4t signature does, however, represent a genuine opportunity to constrain Two Higgs
doublet Models in the “wedge” in the mA − tan β plane at low tan β and above the tt¯
threshold, where other searches are expected to be highly inefficient. We hope the LHC
experiments will explore these signatures further.
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Appendix A: Top Reconstruction
The top reconstruction method we utilize follows Ref. [50]. In order to obtain an accurate
top reconstruction, the jet energies, mass, pT and η that feed into the top reconstruction
method must be corrected for detector effects. This was accomplished by means of a pseudo-
experiment, generating SM dijet events following Appendix 1a in Ref. [61]. For the 14 TeV
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LHC, we obtained the following jet energy correction:
∆pT
pTobs
=
∆E
Eobs
=
16.81 + 6.83η2obs√
p2Tobs cosh
2 ηobs +m2obs
=
∆m
mobs
; ∆η = 0 , (A.1)
where mobs is a jet mass and all numbers are given in GeV. The corresponding variance of
the jet energy and angular parameters were found to be:
σpT
pTobs
= −0.036 + 2.7√
pTobs
, ση =
1.06√
pTobs
. (A.2)
The procedure we utilize for top reconstruction is detailed in Appendices A and B of
Ref. [50]. In particular, we find the missing neutrino momentum and fix combinatorics by
minimizing the χ2 of our over-constrained system (for the definition of the χ2, see Appendices
A and B of Ref. [50]). In the process of minimization over the missing neutrino momentum,
we take into account the corrections to the jets in the PGS events using the functions given in
Eq. A.1. The variances given in Eq. A.2 are used as uncertainties in the measurement of the
jet energies and angular resolution. We verified that the χ2 distribution of the reconstructed
top events is good, and reproduces well previous analyses utilizing the same method.
We find that, despite the excellent performance of the top reconstruction algorithm em-
ployed, the invariant mass of the top pairs thus reconstructed did not give a very efficient
discriminant between the signal and the background for the 2b2t case. For each value of
mA, we optimized the cuts as detailed in Sec. III B. Events passing these cuts, both for
the SM tt¯ background and signal, are fed into the top reconstruction algorithm. We find
that the kinematic cuts employed in our analyses are very efficient, so much so that the top
reconstruction employed on these events is unable to discriminate signal over background
efficiently. This can be seen from the sample distributions shown in Fig. 11 both for mA
= 600 GeV (left) and mA = 1 TeV (right) and for the SM tt¯+jets background (in blue).
The distributions of the tt¯+jets background in the left and right panel are obtained apply-
ing a set of optimized cuts for S/
√
B corresponding to these masses (mA = 600 GeV and
mA = 1 TeV, respectively). The changes in efficiency due to top reconstruction are shown
in Table II. As can be seen from these numbers (and is visually apparent from Fig. 11), top
reconstruction does not increase S/
√
B. However, there may be some increase in S/B (up
to a factor of a few) for masses of the order of O(1) TeV, at the cost of reducing S/√B.
For reference, the invariant mass distribution for the SM background, without imposing
any cuts, is shown in the lower panel of Fig. 11.
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After Cuts With Top Reconstruction
mA σ [fb] S/
√
B S/B S/
√
B S/B
600 GeV 49 1.2 9× 10−5 0.4 1.4
1 TeV 4 0.2 3× 10−5 0.5 3
TABLE II. Impact of top reconstruction on signal discrimination. The listed cross-section corre-
sponds to tβ = 6 in the τ -phobic scenario for two heavy Higgs masses: mA = 600 GeV and 1 TeV.
The given S/
√
B and S/B are computed after exemplary optimized cuts, assuming 3000 fb−1 of
data at LHC14. S/
√
B and S/B denote the impact of top reconstruction (requiring mtt¯ be within
50 GeV of mA) on S/
√
B and S/B. The precise centering of the interval for the computation of the
 has not been optimized in the above, but it was checked that these numbers are representative
of the change in efficiencies.
[1] Projections for measurements of Higgs boson signal strengths and coupling parameters with
the ATLAS detector at a HL-LHC , Tech. Rep. ATL-PHYS-PUB-2014-016 (CERN, Geneva,
2014).
[2] CMS Collaboration, “Projected Performance of an Upgraded CMS Detector at the LHC and
HL-LHC: Contribution to the Snowmass Process,” (2013), arXiv:1307.7135 [hep-ph].
[3] J. F. Gunion and H. E. Haber, Phys. Rev. D67, 075019 (2003), arXiv:hep-ph/0207010 [hep-
ph].
[4] A. Delgado, G. Nardini, and M. Quiros, JHEP 07, 054 (2013), arXiv:1303.0800 [hep-ph].
[5] N. Craig, J. Galloway, and S. Thomas, (2013), arXiv:1305.2424 [hep-ph].
[6] D. M. Asner et al., in Community Summer Study 2013: Snowmass on the Mississippi
(CSS2013) Minneapolis, MN, USA, July 29-August 6, 2013 (2013) arXiv:1310.0763 [hep-ph].
[7] M. Carena, I. Low, N. R. Shah, and C. E. M. Wagner, JHEP 04, 015 (2014), arXiv:1310.2248
[hep-ph].
[8] H. E. Haber, in 1st Toyama International Workshop on Higgs as a Probe of New Physics 2013
(HPNP2013) Toyama, Japan, February 13-16, 2013 (2013) arXiv:1401.0152 [hep-ph].
[9] P. S. B. Dev and A. Pilaftsis, JHEP 12, 024 (2014), arXiv:1408.3405 [hep-ph].
27
mA = 600 GeV
SM
400 500 600 700 800 900
0.000
0.001
0.002
0.003
0.004
mt t HGeVL
mA = 1 TeV
SM
600 800 1000 1200 1400
0.0000
0.0005
0.0010
0.0015
0.0020
0.0025
0.0030
0.0035
mt t HGeVL
SM
No cuts
300 400 500 600 700 800 900 1000
0.0000
0.0005
0.0010
0.0015
0.0020
0.0025
0.0030
mt t HGeVL
FIG. 11. Upper panels: The probability distribution of the invariant mass of the reconstructed top
pairs. Red: SM background, Blue: Signal events, Left panel: mA=600 GeV, Right panel: mA=1
TeV. Optimized cuts are imposed on both the SM background as well as the signal events before
top reconstruction. Lower panel: The probability distribution for the invariant mass for the top
pair reconstruction for SM events, without imposing any cuts.
[10] M. Carena, H. E. Haber, I. Low, N. R. Shah, and C. E. M. Wagner, Phys. Rev. D91, 035003
(2015), arXiv:1410.4969 [hep-ph].
[11] D. Das and I. Saha, Phys. Rev. D91, 095024 (2015), arXiv:1503.02135 [hep-ph].
[12] P. S. B. Dev and A. Pilaftsis, Proceedings, 4th Symposium on Prospects in the Physics
28
of Discrete Symmetries (DISCRETE 2014), J. Phys. Conf. Ser. 631, 012030 (2015),
arXiv:1503.09140 [hep-ph].
[13] J. Bernon, J. F. Gunion, H. E. Haber, Y. Jiang, and S. Kraml, Phys. Rev. D92, 075004
(2015), arXiv:1507.00933 [hep-ph].
[14] P. S. B. Dev and A. Pilaftsis, 18th International Conference From the Planck Scale to the
Electroweak Scale (Planck 2015) Ioannina, Greece, May 25-29, 2015, PoS PLANCK2015,
105 (2015), arXiv:1510.08790 [hep-ph].
[15] H. E. Haber and O. Stal, Eur. Phys. J. C75, 491 (2015), arXiv:1507.04281 [hep-ph].
[16] M. Carena, H. E. Haber, I. Low, N. R. Shah, and C. E. M. Wagner, (2015), arXiv:1510.09137
[hep-ph].
[17] Search for Neutral Minimal Supersymmetric Standard Model Higgs Bosons H/A → ττ pro-
duced in pp collisions at
√
s = 13 TeV with the ATLAS Detector , Tech. Rep. ATLAS-CONF-
2015-061 (CERN, Geneva, 2015).
[18] S. Chatrchyan et al. (CMS), Phys.Lett. B722, 207 (2013), arXiv:1302.2892 [hep-ex].
[19] C. Malone, A Search for Non-Standard Model Higgs Bosons Produced in Association with
b-Quarks at the ATLAS Experiment, Ph.D. thesis, SLAC (2015-06-26).
[20] M. Carena, S. Gori, A. Juste, A. Menon, C. E. M. Wagner, and L.-T. Wang, JHEP 07, 091
(2012), arXiv:1203.1041 [hep-ph].
[21] W. Altmannshofer, S. Gori, and G. D. Kribs, Phys. Rev. D86, 115009 (2012), arXiv:1210.2465
[hep-ph].
[22] I. M. Lewis, (2013), arXiv:1308.1742 [hep-ph].
[23] J. Baglio, A. Djouadi, and J. Quevillon, (2015), arXiv:1511.07853 [hep-ph].
[24] N. Craig, F. D’Eramo, P. Draper, S. Thomas, and H. Zhang, JHEP 06, 137 (2015),
arXiv:1504.04630 [hep-ph].
[25] J. Hajer, Y.-Y. Li, T. Liu, and J. F. H. Shiu, JHEP 11, 124 (2015), arXiv:1504.07617 [hep-ph].
[26] Eur. Phys. J. C73, 2552 (2013), arXiv:1302.7033 [hep-ph].
[27] H. Georgi and D. V. Nanopoulos, Phys. Lett. B82, 95 (1979).
[28] J. F. Donoghue and L. F. Li, Phys. Rev. D19, 945 (1979).
[29] L. Lavoura and J. P. Silva, Phys. Rev. D50, 4619 (1994), arXiv:hep-ph/9404276 [hep-ph].
[30] L. Lavoura, Phys. Rev. D50, 7089 (1994), arXiv:hep-ph/9405307 [hep-ph].
[31] F. J. Botella and J. P. Silva, Phys. Rev. D51, 3870 (1995), arXiv:hep-ph/9411288 [hep-ph].
29
[32] G. C. Branco, L. Lavoura, and J. P. Silva, Int. Ser. Monogr. Phys. 103, 1 (1999).
[33] B. Coleppa, F. Kling, and S. Su, JHEP 09, 161 (2014), arXiv:1404.1922 [hep-ph].
[34] G. C. Dorsch, S. J. Huber, K. Mimasu, and J. M. No, Phys. Rev. Lett. 113, 211802 (2014),
arXiv:1405.5537 [hep-ph].
[35] Search for H/A decaying into Z+A/H, with Z to ll and A/H to fermion pair , Tech. Rep.
CMS-PAS-HIG-15-001 (CERN, Geneva, 2015).
[36] G. C. Dorsch, S. J. Huber, K. Mimasu, and J. M. No, (2016), arXiv:1601.04545 [hep-ph].
[37] T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, and G. Weiglein, Phys. Rev. Lett. 112,
141801 (2014), arXiv:1312.4937 [hep-ph].
[38] A. Djouadi, L. Maiani, A. Polosa, J. Quevillon, and V. Riquer, (2015), arXiv:1502.05653
[hep-ph].
[39] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, H. S. Shao, T. Stelzer,
P. Torrielli, and M. Zaro, JHEP 07, 079 (2014), arXiv:1405.0301 [hep-ph].
[40] T. Sjostrand, S. Mrenna, and P. Z. Skands, JHEP 05, 026 (2006), arXiv:hep-ph/0603175
[hep-ph].
[41] J. C. et al., Http://www.physics.ucdavis.edu/?conway/research/software/pgs/pgs4-
general.htm.
[42] M. L. Mangano, M. Moretti, F. Piccinini, and M. Treccani, JHEP 01, 013 (2007), arXiv:hep-
ph/0611129 [hep-ph].
[43] A. Djouadi, M. M. Muhlleitner, and M. Spira, Physics at LHC. Proceedings, 3rd Conference,
Cracow, Poland, July 3-8, 2006, Acta Phys. Polon. B38, 635 (2007), arXiv:hep-ph/0609292
[hep-ph].
[44] J. M. Campbell and R. K. Ellis, Proceedings, 10th DESY Workshop on Elementary Particle
Theory: Loops and Legs in Quantum Field Theory, Nucl. Phys. Proc. Suppl. 205-206, 10
(2010), arXiv:1007.3492 [hep-ph].
[45] J. M. Campbell, R. K. Ellis, and D. L. Rainwater, Phys. Rev. D68, 094021 (2003), arXiv:hep-
ph/0308195 [hep-ph].
[46] F. Maltoni, D. Pagani, and I. Tsinikos, (2015), arXiv:1507.05640 [hep-ph].
[47] J. M. Campbell and R. K. Ellis, JHEP 07, 052 (2012), arXiv:1204.5678 [hep-ph].
[48] G. Bevilacqua and M. Worek, JHEP 07, 111 (2012), arXiv:1206.3064 [hep-ph].
[49] M. Lisanti, P. Schuster, M. Strassler, and N. Toro, JHEP 1211, 081 (2012), arXiv:1107.5055
30
[hep-ph].
[50] M. I. Gresham, I.-W. Kim, and K. M. Zurek, Phys. Rev. D84, 034025 (2011), arXiv:1102.0018
[hep-ph].
[51] A search for new physics in events with high jet and b-tagged jet multiplicities and one lepton,
Tech. Rep. CMS-PAS-SUS-12-015 (CERN, Geneva, 2013).
[52] G. Aad et al. (ATLAS), JHEP 08, 105 (2015), arXiv:1505.04306 [hep-ex].
[53] V. Khachatryan et al. (CMS), Phys. Lett. B745, 5 (2015), arXiv:1412.4109 [hep-ex].
[54] Search for supersymmetry in pp collisions at sqrt(s) = 8 TeV in events with three leptons and
at least one b-tagged jet , Tech. Rep. CMS-PAS-SUS-13-008 (CERN, Geneva, 2013).
[55] Search for supersymmetry at
√
s = 13 TeV in final states with jets and two same-sign leptons or
three leptons with the ATLAS detector , Tech. Rep. ATLAS-CONF-2015-078 (CERN, Geneva,
2015).
[56] D. Curtin, J. Galloway, and J. G. Wacker, Phys. Rev. D88, 093006 (2013), arXiv:1306.5695
[hep-ph].
[57] K. Einsweiler and L. Pontecorvo, ATLAS Phase-II Upgrade Scoping Document , Tech. Rep.
CERN-LHCC-2015-020 ; LHCC-G-166 (CERN, Geneva, 2015).
[58] D. Dicus, A. Stange, and S. Willenbrock, Phys. Lett. B333, 126 (1994), arXiv:hep-ph/9404359
[hep-ph].
[59] S. Jung, J. Song, and Y. W. Yoon, Phys. Rev. D92, 055009 (2015), arXiv:1505.00291 [hep-ph].
[60] W. Bernreuther, P. Galler, C. Mellein, Z. G. Si, and P. Uwer, (2015), arXiv:1511.05584
[hep-ph].
[61] M. I. Gresham, I.-W. Kim, and K. M. Zurek, Phys. Rev. D85, 014022 (2012), arXiv:1107.4364
[hep-ph].
31
